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(54) Method and arrangement for evaluating effective flow resistance of a patient breathing circuit 



(57) An arrangement for evaluating an effective flow 
resistance of a breathing circuit (4) connected to a me- 
chanical breathing assist device (2), the arrangement 
comprises: 

a flow controller (8,28) operable to temporarily introduce 
an occlusion to gas flow within the breathing circuit (4) 
at a time after the end of an inspiration phase of a breath- 
ing cycle provided by the breathing assist device (2); a 
sensor unit 34 having a flow sensor for measuring gas 
flow within the circuit (4) and a pressure sensor for 
measuring gas pressures within the circuit (4); and an 
evaluating unit (6) adapted to receive measurements 
from the sensor unit (34), to determine for a measured 
gas flow a value of a pressure drop within the breathing 
circuit (4) consequent on the introduction of the occlu- 
sion and to establish a relationship between the calcu- 
lated pressure drop and the measured gas flow, prefer- 
ably based on the known Blasius formula. 
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[0001] The present invention relates to a method for 
evaluating the effective flow resistance of a patient 
breathing circuit during mechanical breathing assist- 5 
ance and to a device for carrying out the method. 
[0002] Providing mechanical breathing assistance to 
a patient is a well known medical procedure and is most 
often used in surgical and critical care situations. Typi- 
cally, a breathing tube, such as an endotracheal or a 10 
tracheotomy tube, is inserted into the patient's trachea 
so that the distal end of the tube is disposed in the pa- 
tient's airways and the proximal end is accessible exter- 
nal the patient. The proximal end connects with a gas 
tubing system, typically by means of a Y-Piece connec- 
tor, to form a breathing circuit which in turn connects 
with a breathing assist device. The breathing assist de- 
vice, such as a ventilator, respirator or anaesthetic de- 
livery system, is adapted to control the flow of gas 
through the breathing circuit to and from the patient's 
airways and thereby regulate the patient's breathing cy- 
cle. 

[0003] Over-pressurisation of the breathing gas pro- 
vided to the patient through the breathing tube can 
cause barotrauma and so the gas pressure within the 
breathing circuit is usually monitored and used to control 
the assist device. Pressure sensors are typically provid- 
ed within the assist device itself or at the Y-piece to mon- 
itor the gas pressures at the proximal end of the breath- 
ing tube. However, because the breathing tube has a 
relatively narrow bore compared with the rest of the 
breathing circuit the breathing tube offers a large resist- 
ance to gas flow. This leads to inaccuracies between the 
pressures registered by the sensors and those extant 
within the lungs so that barotrauma may still occur due 35 
to too high a delivery pressure of the breathing gas. In 
other circumstances the delivery pressure of the breath- 
ing gas may be adjusted to too low a level so that effi- 
cient opening of the lungs no longer occurs. 
[0004] In order to reduce the effects of the flow resist- *o 
ance of the breathing circuit (principally the delivery 
tube) on the safe and effective operation of the assist 
device it is known to adapt the device to compensate 
the sensed delivery pressure for the breathing tube re- 
sistance and to use this compensated pressure value to ^ 
control the delivery of breathing gas. In the known de- 
vice this is done by a user inputting information relating 
to the breathing tube's resistance before the breathing 
assistance is started. This information may be in the 
form of the tube's length and internal diameter, from so 
which a theoretical resistance can be calculated, or can 
be an actual calculated or measured resistance value 
determined before use. 

[0005] One problem with this is that there exists a pos- 
sibility that the user may input the information incorrect- 55 
ly. Another problem is that the resistance provided in the 
known manner may not be the true resistance of the 
tube since this may vary throughout the operation of the 



device or as a result of the initial placement of the tube 
within the patient's trachea. 

[0006] It is an aim of the present invention to provide 
a method and an arrangement for carrying out the meth- 
od, the use of which makes it possible to alleviate at 
least one of the problems associated with the known 
breathing assist device. 

[0007] According to a first aspect of the present inven- 
tion there is provided a method for evaluating an effec- 
tive flow resistance of a breathing circuit during mechan- 
ical breathing assistance as described in and character- 
ised by the present claim 1 . 

[0008] The determined pressure drop at the onset of 
an occlusion may be assumed to effectively result from 
the resistance of a patient breathing tube which is 
present within the breathing circuit since the diameter 
of the tube is much smaller than the diameter of any oth- 
er tubing component of the circuit and an indication of 
the tube resistance may be established from a pressure 
drop/flow relationship, which to a first approximation 
may be simply the determined pressure drop divided by 
the flow immediately before the introduction of the oc- 
clusion. 

[0009] A similar method is described in US 5,876,352 
wherein is disclosed that a pressure drop is dependent 
effectively on a patient's lung resistance and that the 
compliance (resistance* 1 ) of the breathing circuit should 
be compensated for to improve the accuracy of the de- 
scribed method. 

[0010] Since the determined pressure drop effectively 
results from the patient tube resistance then the known 
Blasius formula may then be used to provide, for a given 
gas flow, F, a link between the determined pressure 
drop, AP, and the resistance, R, of the breathing tube of 
length, L and diameter, D, according to: 



AP 



0.24x(LyD 475 )x^ 25 xp 075 xF 1 - 75 



(1) 



where u and p are respectively the gas viscosity and the 
gas density. 

[0011] Equation (1) may be re-written as: 



AP 



: K x (UD 4,75 ) x I 



.1.75 



(2) 



which gives 



AP/F 175 - Kx(LVD 475 ) 



(3) 



[0012] Thus by determining a pressure drop AP ob- 
tained at a flow value F, an indication of the effective 
resistance of the breathing tube can be obtained auto- 
matically during breathing assistance to avoid the need 
for user input of the information . In particular, from equa- 
tion (3) a calculation of AP/F 1 - 75 at a known flow or a 
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calculation of a value of a linear rate of change of AP 
with F 1 - 75 .that is : dAP/dF 1 75 . may preferably be used 
to provide an indication of the tube resistance. 
[0013] Moreover the resistance is an actual resist- 
ance which thus reflects the reality of the breathing cir- 
cuit in use. This has the advantage that the method may 
be employed to monitor the breathing circuit during me- 
chanical breathing assistance for changes in resistance 
which would indicate a leakage (decreased resistance) 
or a blockage (increased resistance) or may be em- 
ployed to provide a resistance value of the actual breath- 
ing circuit which is used to compensate pressure meas- 
urements made by sensors in the breathing circuit. 
[0014] Preferably, the occlusions are introduced dur- 
ing an expiration phase of a patient breathing cycle so 
as to reduce the effect of the evaluation method on 
breathing gas supply to the patient and so reduce any 
discomfort which the patient might otherwise experi- 
ence. 

[001 5] Usefully, if the method is to be employed for a 
number of different gas flows, for example when calcu- 
lating the flow dependent rate of change of pressure 
drop, that is either dAP/dF 1 75 or dAP/dF, then the differ- 
ent gas flows may be obtained by introducing the occlu- 
sions at different times within one or more expiration 
phases of a patient breathing cycle. Since the flow dur- 
ing an expiration phase varies with time then this has 
the advantage that the natural variation of flow with time 
over an expiration phase may be utilised to further re- 
ducing the adverse effects the use of the method of the 
present invention may have on the provision of mechan- 
ical breathing assistance. 

[0016] Advantageously, the evaluation may be made 
at different times within a single expiration phase so that 
a calculation of flow dependent rate of change of pres- 
sure drop may be made in a single breathing cycle. Al- 
ternatively, if a calculation is to be made during an in- 
spiration phase of a single breathing cycle then a 
ramped gas flow may be provided and occlusions sim- 
ilarly introduced throughout that phase. 
[0017] According to a second aspect of the present 
invention there is provided an arrangement for carrying 
out the method according to the first aspect of the 
present invention. 

[0018] An exemplary embodiment of an arrangement 
and methods of its working according to the present in- 
vention will now be described with reference to the draw- 
ings of the accompanying figures, of which: 

Fig. 1 shows a schematic representation of an ar- 
rangement according to the present invention in op- 
erable connection with a mechanical breathing as- 
sist device; 

Figs. 2 show a) gas flow characteristics during a vol- 
ume control mode breathing cycle in which an oc- 
clusion is introduced as a breath-hold and b) corre- 
sponding gas pressure characteristics; 
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Figs. 3 show a) gas flow characteristics during a 
pressure support mode breathing cycle in which an 
occlusion is introduced as a breath-hold and b) cor- 
responding gas pressure characteristics; 

Fig 4 shows the effect of tube diameter on effective 
resistance of a breathing tube evaluated according 
to the breath-hold technique of Figs. 2; 

Figs. 5 show a) gas flow characteristics during a 
breathing cycle in which temporary occlusions are 
introduced throughout an expiration phase and b) 
corresponding gas pressure characteristics; and 

Fig 6. shows an established relationship between 
pressure drops, AP, and gas flow : F evaluated ac- 
cording to the expiration occlusion technique illus- 
trated in Figs 5. 



20 [0019] Considering now Fig. 1 , a patient ventilator 2 
is shown interconnected with a breathing circuit 4 and 
a calculations unit 6 for evaluating an effective flow re- 
sistance within the breathing circuit 2 during the assisted 
ventilation of a patient. 

25 [0020] The patient ventilator 2 comprises a gas flow 
control unit 8 which connects to an inspiration line 10 
and an expiration line 12 of the breathing circuit 4 via, 
respectively, an inspiration valve 14 and an expiration 
valve 16 within the ventilator 2. Valve actuators 18,20 

30 within the ventilator 2 are operably connected to a re- 
spective one of the inspiration valve 14 and the expira- 
tion valve 1 6 and operate on receipt of a control signal 
to open and close their associated valve 14,16. The flow 
control unit 8 is connected to the actuators 1 8,20 and is 

35 adapted to provide control signals thereto in order to 
regulate the flow of inspiration and expiration gases in 
a known manner to provide a mechanical breathing cy- 
cle having controllable inspiration and expiration phases 
during one or more known control modes of operation 

^0 of the ventilator 2. 

[0021] The patient breathing circuit 4 includes a Y- 
Piece 22, the separate limbs of which connect to the in- 
spiration line 10 and the expiration line 12 and the com- 
mon trunk of which connects to a small bore (typically 
between 5mm and 8mm) endotracheal tube 24. The en- 
dotracheal tube 24 has an open end 26 which, when 
breathing assistance is being provided by the ventilator 
2, is inserted into the proximal airways of the patient. 
[0022] The calculations unit 6 functionally comprises 

so a control unit 28 and an operably connected processor 
unit 30 which has associated therewith a memory unit 
32. It will be appreciated from the subsequent descrip- 
tion of the operation of these units 28,30,32 that they 
may be formed by a suitably programmed micro-com- 

55 puter. The control unit 28 is connected external the cal- 
culations unit 6 to a sensor unit 34, to the gas flow control 
unit 8, to the valve actuators 1 8,20 and to an alarm unit 
36. 
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[0023] The sensor unit 34 comprises both pressure 
and flow sensor elements and may be conveniently lo- 
cated within the common trunk of the Y-Piece 22 so as 
to be able to monitor pressures and flows of both inspi- 
ration and expiration gases within the breathing circuit 5 
4. The sensor unit 34 is thus able to provide the control 
unit 28 (and optionally the gas flow control unit 8) with 
measured values of pressure and gas flow for either of 
the inspiration gas and the expiration gas as required. 
[0024] The control unit 28 is additionally operable to 10 
provide control signals to the valve actuators 18,20 to 
open and close the associated valves 14,16 and thereby 
introduce a temporary occlusion to gas flow within the 
breathing circuit 4. This may be achieved either directly 
or via the flow control unit 8 which normally operates to '5 
control these actuators 18,20 to provide a patient 
breathing cycle during normal operation of the ventilator 
2. The control unit 28 may also be adapted to provide 
these control signals in dependence of timing signals 
from the gas flow control unit 8 of the ventilator 2 which 20 
are synchronised with the inspiration and the expiration 
phases of the breathing cycle being provided by the ven- 
tilator 2. 

[0025] In this manner valve components 14,18;20,16 
which are typically already found in the patient ventilator 25 
2 for controlling inspiration gas flow and expiration gas 
flow during a patient breathing cycle may be employed 
in the present invention. Alternatively a specific valve 
arrangement (not shown) may be used to introduce oc- 
clusions to gas flow and may be placed at the Y-Piece 30 
22 to reduce the number of extra components. 
[0026] During mechanical breathing assistance the 
effective flow resistance of the breathing circuit 4 may 
be evaluated as follows with reference to Figs. 2: 
[0027] The gas flow control unit 8 of the ventilator 2 35 
is arranged to provide in a volume control mode of op- 
eration a constant gas flow, F, to the patient during an 
inspiration phase, I. During this phase the inspiration 
valve 14 is open and the expiration valve 16 is closed 
under the control of the unit 8. At the end of an inspiration 40 
phase the unit 8 is instructed by the control unit 28 to 
also close the inspiration valve 1 4 and initiate a "breath- 
hold", B, at a time, TO, and of a duration typically be- 
tween 1 ms to 200 ms. After a predetermined time the 
control unit 8 is instructed to operate to open the expi- *s 
ration valve 1 6 and an expiration phase, E, commences. 
The pressure, P1, as measured by the sensor unit 34 
immediately before the breath-hold, B, is passed via the 
control unit 28 to the processor unit 30 where it may be 
stored in the memory 36 together with an associated gas so 
flow value, F, as also measured by the sensor unit 34. 
The pressure measurement is repeated throughout the 
duration of the breath-hold and the "intermediate" pres- 
sure values are stored within memory 32 together with 
their associated times. A final pressure, P2, is recorded 55 
at a time, T2, at the end of the breath-hold and both val- 
ues are again stored within the memory 32. The stored 
pressure and times are then accessed by the processor 
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unit 30 which is adapted to calculate a pressure, P0, be- 
ing extant within the breathing circuit 4 immediately up- 
on introduction of the breath-hold at time, TO. This may 
be done by using the intermediate pressure and time 
values to obtain a gradient value with which to back- 
extrapolate the final pressure P2, extant at T2, to the 
time TO. The difference between the pressures immedi- 
ately before (P1 ) and immediately after (P0) the breath- 
hold is taken to be the pressure drop AP resulting from 
the breathing circuit resistance, which is substantially 
due to the resistance of the endotracheal tube 24. The 
values AP and F are stored within the memory 32 and 
the process may be repeated at least once more with 
the flow control unit 8 operating to provide a different 
value of inspiration gas flow, F. The processor unit 30 
then operates to recall the stored AP and F values and 
evaluate an effective flow resistance using these re- 
called values. The unit 30 may be programmed to de- 
termine a relationship between the pressure drop, AP, 
and the (obtained flow values, F) 1 - 75 , such as by calcu- 
lating a value of a linear rate of change of determined 
pressure drop with (obtained flow value) 1 - 75 . This value, 
as can be seen from equation (3) above : provides a 
measure of the effective resistance of the breathing cir- 
cuit 4. 

[0028] It will be appreciated that the breath-hold tech- 
nique may be applied in other operating modes of the 
ventilator 2. An example of this is provided for a pressure 
support mode of operation and is illustrated in Figs. 3 in 
which features common with Figs. 2 are given the same 
reference labels. During pressure support mode the 
ventilator 2 is operated in a known fashion to support a 
patient's breathing effort by supplying breathing gas up- 
on receipt of a trigger signal from the sensors in the sen- 
sor unit 34 indicative of a patient attempting to breathe. 
Fig. 3a illustrates a typical flow characteristic over one 
breath during pressure support and shows a varying 
flow during inspiration, I. The breath hold, B, is initiated 
based on an average of previous, typically three, 
breaths. The unit 8 operates to close flow valves 14,16 
at a time TO when a measurable quantity, such as inspi- 
ration time, inspiration flow, delivered volume, or inspi- 
ration pressure, in the present breath reaches a thresh- 
old based on the aforementioned average breath. Such 
a criteria for initiation a breath hold may be when the 
delivered volume reaches 90% of the expected total de- 
livered volume based on an average of three preceding 
breaths. The calculations unit 6 then operates as de- 
scribed above with regard to the volume control mode 
of Figs. 2 to measure a final pressure, P2, at the end of 
the breath hold at time T2 and to extrapolate back to 
determine a pressure P0 at time TO. The pressure drop, 
AP, being P1 -P0, is calculated and a tube resistance, R, 
may be determined from equation (3) above. Indeed if 
only an indication of tube resistance is required, for ex- 
ample if monitoring for changes in measured resistance, 
then a relationship of AP/F need only be determined. 
[0029] The effect of breathing tube internal diameter 



#EP1 166 

on the calculated pressure drop, AP, as determined from 
breath-hold measurements described above, is shown 
in Fig. 4 for different inspiration flows, F. The relationship 
is shown in Fig. 4 as a plot of AP with F 1 75 . 
[0030] Additionally or alternatively the effective flow 5 
resistance of the breathing circuit 4 may be evaluated 
during on or more expiration phases of mechanical 
breathing assistance such as during a single expiration 
phase as shown with reference to Figs. 5. 
[0031] The gas flow control unit 8 of the ventilator 2 '0 
is arranged to control the gas flow through the breathing 
circuit 4 to provide the patient with a breathing cycle 
comprising an inspiration phase, I and an expiration 
phase, E, with or without a breath-hold, B, according to 
the requirements of the patient. After the inspiration '5 
phase, I , the unit 8 operates to close the inspiration valve 
14 and open the expiration valve 16 in order to provide 
an expiration phase, E. At the same time a trigger signal 
is passed from the flow control unit 8 to the control unit 
28 of the calculation unit 6 to indicate the onset of the 20 
expiration phase, E. After a predetermined time (or flow 
as measured by the sensor unit 34) the control unit 28 
operates to supply a signal to the actuator 20 to close 
the expiration valve 16 and an initiate an occlusion, O, 
to the flow of gas through the breathing circuit 4. A pres- 25 
sure, P1 , as measured by the sensor unit 34 is passed 
via the control unit 28 to the processor unit 30 where it 
may be stored in the memory 36 together with an asso- 
ciated gas flow value, F1 , as also measured by the sen- 
sor unit 34. A short time later (1 ms to 200ms) the control 30 
unit 28 controls the actuator 20 to open the expiration 
valve 16 and remove the occlusion. At this time second 
pressure, PV, as measured by the sensor unit 34 is 
passed via the control unit 28 to the processor unit 30 
which can then calculate a value of a pressure drop AP1 35 
(P1 -P1 ') which is stored in memory 32 together with the 
flow value F1. These steps may be repeated at least 
once during the expiration phase, E, and pressure drops 
AP2, AP3 calculated and stored in memory 32 together 
with their associated flow values F2, F3. Alternatively, if *o 
more than one pressure drop AP is to be used to estab- 
lish the relationship then at least one other expiration 
phase, E, may be employed in at least one other breath. 
The occlusion, O, is then introduced at a different pre- 
determined time or measured flow. *5 
[0032] The processor unit 30 may be adapted to recall 
the stored AP and F values and evaluate an effective 
flow resistance using these recalled values as described 
above in relation to the breath-hold process. Additionally 
or alternatively the processor unit 30 can be adapted to so 
establish a relationship between the pressure drops and 
flow values as an evaluation of the effective flow resist- 
ance by constructing a digital representation of the pres- 
sure drop(AP)/flow(F) curve illustrated in Fig. 6. The 
processor unit 30 can be programmed to establish a 55 
"best-fit" to the so determined curve using either previ- 
ously stored curves for breathing tubes of known inter- 
nal diameter or calculated using equation (3). The value 
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of the breathing tube diameter giving the best fit can then 
be used by the gas flow control unit 8 of the ventilator 2 
during the provision of breathing assistance to compen- 
sate measured pressures for the effects of the breathing 
tube resistance. 



Claims 

1 . A method for evaluating an effective flow resistance 
of a breathing circuit (4) during mechanical breath- 
ing assistance characterised by the steps of: 

introducing a temporary occlusion (B;0) to gas 
flow (F) within the breathing circuit (4) during a 
patient breathing cycle; 
obtaining a value of the gas flow (F) extant at 
the introduction of the occlusion (B;0); 
determining a value of a pressure drop (AP) 
within the breathing circuit (4) consequent on 
the introduction of the occlusion (B;0); and 
evaluating the effective flow resistance (R) by 
establishing a relationship between the deter- 
mined pressure drop (AP) and the obtained flow 
value (F). 

2. A method as claimed in claim 1 characterised in 

that establishing the relationship comprises estab- 
lishing a value of determined pressure drop (AP) di- 
vided by [obtained flow value] 1 ' 75 . 

3. A method as claimed in Claim 1 or Claim 2 charac- 
terised in that the steps of: 

introducing a temporary occlusion (B;0); of 
obtaining a value of the gas flow (F); and of 
determining a value of a pressure drop (AP) 
within the breathing circuit (4) consequent on 
the introduction of the occlusion (B;0); 
are repeated at least once with a different gas 
flow. 

4. A method as claimed in Claim 3 characterised in 
that establishing the variation comprises calculat- 
ing a value of a linear rate of change of determined 
pressure drop (AP) with [obtained flow value] 1 - 75 . 

5. A method as claimed in any preceding Claim char- 
acterised in that determining the pressure drop 
(AP) comprises measuring a circuit pressure (P1) 
extant within the breathing circuit (4) before the in- 
troduction of the occlusion (B) and a circuit pressure 
(P2) extant at the end of the occlusion (B); 

back extrapolating the pressure (P2) extant at the 
end of the occlusion (B) to determine a pressure 
(P0) at the introduction of the occlusion (B); and 
subtracting the determined pressure (P0) from the 
measured circuit pressure (P1 ) extant before the in- 
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traduction of the occlusion (B). 

6. A method as claimed in any preceding Claim char- 
acterised In that introducing the occlusion com- 
prises initiating a breath-hold (B) at the end of the 5 
inspiration phase (I). 

7. A method as claimed in any of the Claims 1 to 5 
characterised in that introducing the occlusion (O) 
comprises occluding the flow during an expiration 10 
phase (E) of a breathing cycle. 

8. An arrangement for evaluating an effective flow re- 
sistance (R) of a breathing circuit (4) connected to 

a mechanical breathing assist device (2), the ar- 15 
rangement comprising: 

a flow controller (8,28) operable to temporarily 
introduce an occlusion (B;0) to gas flow (F) 
within the breathing circuit (4) at a time after the 20 
end of an inspiration phase (I) of a breathing 
cycle provided by the breathing assist device 
(2); a flow sensor (34) for measuring gas flow 
within the circuit (4) ; 

a pressure sensor (34) for measuring gas pres- 25 
sures within the circuit (4); and 
an evaluating unit (6) adapted to receive meas- 
urements from the sensors (34), to determine 
for a measured gas flow (F) a value of a pres- 
sure drop (AP) within the breathing circuit (4) 30 
consequent on the introduction of the occlusion 
(B;0) and to establish a relationship between 
the calculated pressure drop (AP) and the 
measured gas flow (F). 
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(54) Method and arrangement for evaluating effective flow resistance of a patient breathing circuit 

(57) An arrangement for evaluating an effective flow 
resistance of a breathing circuit (4) connected to a me- 
chanical breathing assist device (2), the arrangement 
comprises: 

a flow controller (8,28) operable to temporarily introduce 
an occlusion to gas flow within the breathing circuit (4) 
at a time after the end of an inspiration phase of a breath- 
ing cycle provided by the breathing assist device (2); a 
sensor unit 34 having a flow sensor for measuring gas 
flow within the circuit (4) and a pressure sensor for 
measuring gas pressures within the circuit (4); and an 
evaluating unit (6) adapted to receive measurements 
from the sensor unit (34), to determine for a measured 
gas flow a value of a pressure drop within the breathing 
circuit (4) consequent on the introduction of the occlu- 
sion and to establish a relationship between the calcu- 
lated pressure drop and the measured gas flow, prefer- 
ably based on the known Blasius formula. 
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